Background/Aims: Sulforaphane-N-acetyl-cysteine (SFN-NAC) is a sulforaphane (SFN) metabolite with a longer half-life and better blood-brain barrier permeability than those of SFN. Previous studies have found that SFN-NAC can act via ERK to destroy microtubules and inhibit cell growth in lung cancer cells. However, the underlying mechanisms are unclear, and it is unknown whether SFN-NAC can inhibit the growth of glioma. Here, we have demonstrated for the first time that SFN-NAC activates autophagy-mediated downregulation of α-tubulin expression via the ERK pathway. Methods: U87MG and U373MG cells, two widely used glioma cell lines, were utilized in this study. Apoptosis assay, western blot analysis, coimmunoprecipitation, immunostaining, and electron microscopy were used to analyze the effect of SFN-NAC on α-tubulin and its interaction with microtube-associated protein 1 light-chain 3 (LC3). Results: SFN-NAC induced cell-cycle arrest in the G2/M phase and dosedependently induced intracellular ERK activation, autophagy, and α-tubulin downregulation. These SFN-NAC-induced effects were reversed by inhibiting the ERK pathway with its inhibitor PD98059. U87MG and U373MG cells were transfected with LC3 small interfering RNA, and the subsequent inhibition of autophagy reversed the downregulation of α-tubulin by SFN-NAC. Furthermore, co-immunoprecipitation experiments and confocal microscopy confirmed that SFN-NAC promotes the binding of LC3 with α-tubulin in the cytoplasm. Cell viability experiments demonstrate that SFN-NAC inhibits the growth of U87MG and U373MG cell colonies. Conclusion: These findings suggest that SFN-NAC is a novel potential anti-glioma agent.
Introduction
Glioma is the most common malignant primary tumor of the brain in adults, accounting for 81% of malignant brain tumors [1] , and is categorized into grades I-IV based on its malignant behavior by the World Health Organization (WHO). Classified as a WHO grade IV glioma, glioblastoma multiforme (GBM) is the most common and fatal adult brain tumor and is characterized by a high proliferative rate. Due to the diffuse infiltrating property of gliomas, it is difficult to remove the tumors completely through surgery, and thus residual tumor cells remain, leading to recurrence or disease progression. To date, radiotherapy with concomitant and/or adjuvant chemotherapy is the primary treatment for glioma patients after debulking surgery [2] . However, glioma cells often develop chemotherapy resistance, which results in lower survival rates and shorter survival times [3] . Therefore, new antiglioma chemotherapeutic agents are urgently needed.
Microtubules are basic components of the cytoskeleton of eukaryotic cells and play a key role in the cell cycle and may serve as a therapeutic target for treating glioma [4] . Microtubules are hollow tubes composed of 13 aligned protofilaments assembled from repeating α-and β-tubulin heterodimers [5] . Microtubules are important in cell biological activities such as the cell cycle [6] , intracellular protein transport [7] , maintenance of cell morphology [8] , cell division [9] , and cell metastasis [10] . The α-tubulin component of microtubule heterodimers is encoded by at least 15 gene subtypes in the human genome, including TUBA1A, TUBA1B, TUBA1C, TUBA3D, TUBA3E, TUBA4A, and TUBA8 [11] . Different types of α-tubulin are expressed at different levels and play different roles in various tissues and biological processes [12] [13] [14] [15] . Notably, a recent study showed that increased TUBA1B expression indicates poor prognosis in liver cancer patients [16] .
Increasing evidence has shown that the isothiocyanate (ITC) compound sulforaphane (SFN) and its analogs have great potential to prevent the growth of various tumor cells, including those in lung cancer [17] , skin cancer [18] , colon cancer [19] , breast cancer [20] , and ovarian cancer [21] . Pharmacokinetic studies in both humans and animals have shown that SFN is metabolized via the mercapturic acid pathway, producing predominantly cysteinylglycine (SFN-CG), cysteine (SFN-Cys), and N-acetyl-cysteine conjugates (SFN-NAC), which are excreted in the urine [22] . Sulforaphane (SFN) exists mainly in the form of its derivatives in the circulatory system and tissues. SFN-N-acetyl-cysteine (SFN-NAC), an SFN analog, has been detected in central nervous system tissues; it exhibits a longer half-life and a higher plasma concentration than those of SFN and inhibits histone deacetylase (HDAC) activity [23] . Because of its lipophilicity and molecular size, it likely crosses the blood-brain barrier [24] . Furthermore, the presence of SFN could be prolonged by SFN-NAC, which is unstable under physiological conditions and readily dissociates back to SFN [23] . The occurrence of SFN is related to the formation of abnormal mitotic spindles. Previous studies have shown that SFN and its analogs disrupt microtubules in many types of cancer cells. For instance, when the SFN concentration is higher than the minimum effective inhibitory concentration, microtubules are disrupted in human endothelial cells [25] , mammary gland adenocarcinoma [26] , and lung cancer cells [27] . Recently, SFN and its analogs have been shown to combine covalent and apparently selective microtubules in A549 lung tumor cells [28] .
Autophagy is the general intracellular self-defense system, and there are three types: macroautophagy (hereinafter, autophagy), microautophagy, and chaperone-mediated autophagy. The term "autophagy" usually refers to macroautophagy, which is characterized by the formation of double-membraned autophagy vesicles for dysfunctional cellular components, such as misfolded proteins, long-lived proteins, and damaged organelles. These components are sequestered and transported to lysosomes for degradation [29] . Autophagy is an important mechanism for maintaining cellular homeostasis through nutrition recycling and protein quality control. Further evidence has shown that autophagy may be activated during chemotherapy in most tumor cell lines [30] . Autophagy also plays a central role in pharmacological manipulation, and its pathways may serve as therapeutic targets for treating cancer [31] . However, the underlying mechanisms remain to be elucidated and it is unclear whether SFN-NAC-induced autophagy occurs in human glioma cells.
In this study, we collected glioma samples from the Chinese Glioma Genome Atlas (CGGA) database (http://www.cgga.org.cn) and The Cancer Genome Atlas (TCGA) network (http:// cancergenome.nih.gov) in order to perform an integrative investigation of the α-tubulin gene TUBA1B. We also investigated the effect of SFN-NAC on α-tubulin in U87MG and U373MG cells and the underlying mechanisms.
Materials and Methods

Patients and samples
The patient information in the publicly accessible CGGA database used in this study was collected from Beijing Tiantan Hospital, in which the Institutional Review Board approved the protocol of this study and informed consent was obtained from each patient. Samples with more than 80% tumor cells content were selected. Transcriptome sequencing data for glioma samples generated using the Illumina HiSeq platform were obtained from CGGA. Overall survival was estimated from the date of diagnosis until death or the last follow-up date. TCGA mRNA-seq data were downloaded from a public database (https://tcgadata.nci.nih. gov/tcga/tcgaDownload.jsp).
Antibodies and reagents
Specific antibodies against phosphorylated extracellular signal-regulated kinase (pERK)1/2, total extracellular signal-regulated kinase (ERK)1/2, microtubule-associated protein 1 light-chain 3 (LC3; Cell Signaling Technology, Danvers, MA), α-tubulin (GeneTex, Irvine, CA), and β-actin (Proteintech, Rosemont, IL) were used for western blot analysis, and antibodies against LC3 (Medical & Biological Laboratories, Nagoya, Japan) and α-tubulin (Santa Cruz Biotech, Santa Cruz, CA) were used for immunofluorescence analysis, confocal microscopy, and co-immunoprecipitation. Additionally, d,l-sulforaphane-N-acetyl-l-cysteine (Santa Cruz Biotech), pERK1/2 inhibitor PD98059 (25 μmol/L, Cell Signaling Technology), Dulbecco's modified Eagle's medium (DMEM)/High glucose culture medium, and fetal bovine serum (FBS) were purchased from HyClone (Logan, UT). Penicillin-streptomycin was obtained from Invitrogen (Carlsbad, CA). Dimethyl sulfoxide was acquired from AppliChem GmbH (Ottoweg4, D-64291 Darmstadt, Germany). Lastly, cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail (Roche, Basel, Switzerland), BD Cycletest™Plus DNA kit (BD Biosciences, Franklin Lakes, NJ), and Lipofectamine TM RNAiMAX (Invitrogen) were used.
Cell culture and transfection
The human glioma cell line U87MG was obtained from the Cell Resource Center, Peking Union Medical College (Beijing, China), and U373MG was acquired from the American Type Culture Collection (Manassas, VA). Cells were cultured in DMEM/High glucose culture medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin in a standard humidified incubator under 5% CO 2 at 37°C. The cells were treated with SFN-NAC for 24 h, transfected with LC3 small interfering RNA (siRNA) for 48 h, and pretreated with the ERK1/2 inhibitor PD98059 (25 µM) for 1 h.
To knock down LC3 mRNA transcript levels, negative control siRNA (5′-UUCUCCGAAGGUGUCACGUTT-3′) and LC3 siRNA (5′-GAGUGAGCUCAUCAAGAUATT-3′) were designed [32] . Cells were plated into 6-well plates at a density of 1 × 10 6 cells/well and cultured for 24 h. The cells were transfected with the LC3 siRNA or negative control siRNA (30 pmol/well) with Lipofectamine TM RNAiMAX when the cells reached approximately 60% confluency. After 24 h of incubation, the cells were treated with SFN-NAC (30 μM) for 24 h.
Cell viability assay MTS Cell Proliferation Assay Kits (Promega, Madison, WI) were used to determine cell viability. The cells were seeded at a density of 2 × 10 4 cells/well in 96-well plates and were incubated with serum-containing media for 24 h. The cells were treated with different concentrations of SFN-NAC (0 -50 μM for U87MG, U373MG, and temozolomide-resistant U87MG (U87/TR) cells or 0 -90 μM for normal human astrocyte (HA) cells for 24 h. The medium was replaced with 100 μL of fresh medium, and 20 μL of MTS solution was added to each well. Blank controls without cells were prepared. Next, 100 μL of each sample was transferred to a new 96-well plate and was analyzed with a BioTek Synergy HT Multi-Detection Microplate Reader (BioTek, Winooski, VT). The absorbance values were determined at 490 nm.
Apoptosis assay
Apoptosis was assessed using an Annexin V-fluorescein isothiocyanate (FITC) propidium iodide (PI) assay. U87MG or U373MG cells were seeded into 6-well plates and treated with SFN-NAC (30 μM) or blank medium (negative control) for 24 h. Then, the cells were harvested and centrifuged at 1, 000 rpm for 5 min and washed twice with cold phosphate-buffered saline (PBS). The cells were re-suspended at a concentration of 1 × 10 6 cells/mL in 100 μL of binding buffer and incubated with 5 μL V-FITC and 5 μL PI for 15 min at room temperature in the dark. A total of 400 μL binding buffer was then added to each tube. All samples were analyzed on a fluorescence-activated cell sorting flow cytometer (FACSAria, BD Biosciences, San Jose, CA) to determine the ratio of apoptotic cells.
Cell cycle assay
Proliferating U87MG and U373MG cells were exposed to 0 μM and 30 μM SFN-NAC for 24 h, and the DNA contents were identified using the BD Cycletest TM Plus DNA kit (BD Biosciences). The cells were harvested after exposure to SFN-NAC for 24 h and washed three times with ice-cold PBS; the cell concentration of each sample was adjusted to 1.0 × 10 6 cells/mL. After sequential incubation without light with an RNase buffer (10 min), followed by incubation with a PI solution (10 min) at room temperature, the DNA content of the cells was analyzed using flow cytometry (BD FACSVerse; BD Biosciences).
Western blot assay
Cells were lysed using RIPA buffer (APPLYGEN, Beijing, China) containing a protease inhibitor cocktail. A suitable concentration of gel (10% to 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis) was selected to separate samples (30 μg) containing the same amount of protein, after which the samples were transferred to a nitrocellulose membrane. The membranes were blocked with 1.5% bovine serum albumin (BSA) in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature, followed by incubation with the primary antibody of the corresponding antigen overnight at 4°C. After incubation, the membrane was washed with TBST and incubated with fluorescently labeled secondary antibody for 1 h at room temperature. After three washes in TBST, specific protein bands were detected using the Odyssey infrared imaging system (LI-COR, Lincoln, NE). Additionally, β-actin was used as an internal control for the loading and standardization of the samples. Each experiment was repeated three times.
Co-immunoprecipitation
The cells were then treated with SFN-NAC (30 μM) for 24 h after being seeded into 10-cm cell culture dishes and being cultured for 24 h at a density of 5 × 10 6 cells/dish. Next, the cells were washed three times with ice-cold PBS and lysed on ice using a non-denaturing lysis solution containing a protease inhibitor cocktail. Monoclonal anti-alpha-tubulin (Santa Cruz Biotech) or monoclonal anti-LC3 (Medical & Biological Laboratories) was added to the protein lysate and incubated for approximately 3 h at 4°C. The protein A/G agarose was then co-incubated overnight, and the purified protein complexes were recovered via centrifugation and heated to 95°C for 5 min. The protein complex indicated the binding protein (using western blot analysis).
Immunofluorescence and confocal microscopy Cells were seeded at a density of 1 × 10 5 cells/dish in 35-mm cover glass-bottom dishes and cultured for 24 h. Then, SFN-NAC was added to a concentration of 30 uM. The cells were washed three times with PBS after 24 hours, fixed with 4% paraformaldehyde at room temperature for 15 min, and treated with 0.5% Triton X-100 at room temperature for 15 min, after which the solution was discarded. The cells were washed three times with PBS for 3 min each to remove the remaining solution. Next, they were blocked with PBS containing 5% BSA and 0.1% Triton X-100 at room temperature for 1 h. The cells were incubated with the primary antibody overnight at 4°C. The primary antibody was subsequently recovered, and the cells were washed three times for 3 min each with PBS with Tween 20 (PBST). The cells were incubated with the secondary antibody for 1 h at room temperature. The secondary antibody was then discarded, and the cells Cellular Physiology and Biochemistry
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were washed three times for 3 min each with PBST. A 4′,6-diamidino-2-phenylindole (DAPI)-containing sealer (ZSGB-BIO, Beijing, China) was then added to the center of each dish. Finally, fluorescence images were observed and photographed using a laser confocal microscope (FV1000, Olympus, Tokyo, Japan).
Transmission electron microscopy
Cells were harvested and fixed with 2.5% glutaraldehyde at 4°C for 3 h. After being washed three times with PBS, the samples were fixed in 1% osmium tetroxide for 1 h. The samples were then placed in a graded ethanol series consisting of 50%, 60%, 70%, 80%, 90%, and absolute ethanol followed by propylene oxide (each stage for 15 to 20 min). After dehydration, they were embedded in a 1:1 mixture of acetone and Epon812 resin for 30 min. The samples were then infiltrated in Epon812 for 2 h. Ultrathin sections were cut with a diamond knife, placed on a 200 mesh copper grid, stained with uranyl acetate for 20 min, and then stained with lead nitrate for another 5 min. Immediately thereafter, the samples were rinsed with doubledistilled water and air dried. The sections were examined and photographed using a transmission electron microscope (JEM-2100 Plus, JEOL, Tokyo, Japan).
Statistical analysis
Paired data were evaluated using Student's t-test. The prognostic value of TUBA1B was analyzed using Kaplan-Meier analysis and Cox proportional hazards model analysis using SPSS statistical software (version 19; IBM, Armonk, NY). Statistical analysis was also performed using GraphPad Prism (Version 5; GraphPad Software, San Diego, CA). All data are expressed as the mean ± standard deviation (SD) from at least three independent experiments. In all statistical tests, P < 0.05 was considered statistically significant.
Results
TUBA1B expression enriched in glioblastoma, predicting low survival in glioma patients
To characterize the expression pattern of the α-tubulin gene TUBA1B in glioma, we analyzed glioma RNA-sequence data from the CGGA and TCGA databases. Compared with WHO grade II and grade III gliomas, GBM (WHO grade IV) showed the highest expression in the CGGA database (Fig. 1A) , which was consistent with the result from TCGA RNA-seq data (Fig. 1B) . These results suggest that high expression of TUBA1B is indicative of high-grade glioma. We also analyzed the prognostic value of TUBA1B in a total of 941 glioma patients using the Kaplan-Meier method. As with most malignancies, overexpression of TUBA1B was a significant predictor of poor overall survival in both the CGGA and TCGA databases (Fig.  1C and D) . Furthermore, Cox regression analysis was performed to verify that TUBA1B was an independent prognostic factor in glioma. In the TCGA database (Table 1) , univariate Cox analysis showed that TUBA1B, age at diagnosis, WHO grade, and IDH status were significantly associated with overall survival. In multivariate analysis, the expression of TUBA1B was also a significant prognostic factor after adjusting for the clinical factors mentioned above.
SFN-NAC induced cell-cycle arrest and apoptosis
To clarify the biological role of TUBA1B in glioma, we performed a gene ontology analysis. First, we created a list of the top 600 genes with expression that was strongly correlated with that of TUBA1B through a Pearson correlation analysis based on CGGA and TCGA data. Next, we explored the biological function of these genes through a gene ontology analysis using DAVID Bioinformatics Resources 6.8. When the gene function was sorted by ascending P-values, the genes most relevant to TUBA1B were identified to be mostly involved in cell cycle and cell-cycle processes in both CGGA and TCGA databases ( Fig. 2A and B) .
U87MG and U373MG cells were exposed to 0 μM and 30 μM SFN-NAC for 24 h. Western blot analysis showed that SFN-NAC downregulated α-tubulin in both U87MG and U373MG cells (Fig. 2C) . DNA content was analyzed to determine the effect of SFN-NAC on the cell cycle in U87MG and U373MG cells. Compared with the control group, the proportion of cells in the G2/M phase increased significantly after treatment with SFN-NAC in both U87MG and U373MG cell lines (from 12.322% to 53.350% in U87MG and from 12.883% to 51.680% in U373MG), Fig. 2D ). A flow cytometry assay was used to determine the apoptosis ratio in U87MG and U373MG cells. Compared with the control group, the total apoptosis ratio was significantly increased after SFN-NAC treatment in both U87MG and U373MG cells. These results showed that SFN-NAC downregulated α-tubulin in glioma cells, thus inducing cell-cycle arrest in the G2/M phase and triggering apoptosis at the same time. 
SFN-NAC downregulated α-tubulin by increasing the LC3-II/LC3-I ratio and activating ERK1/2
U87MG and U373MG cells were treated with different concentrations of SFN-NAC (0, 10, 20, 30, 40, and 50 µM) for 24 h. Western blot analysis showed that SFN-NAC activated ERK1/2 (Thr202/Tyr204), downregulated α-tubulin, and induced autophagy in a dose-dependent manner. The ratio of pERK1/2 or cytosolic LC3-II/LC3-I was significantly increased at 30 µM SFN-NAC, and α-tubulin was remarkably decreased at the same concentration (Fig.  3A) . Therefore, we chose 30 µM SFN-NAC as an optimal concentration for the follow-up experiments. The LC3-II/LC3-I ratio and the α-tubulin level were both altered in the SFN-NAC-treated cells, while the increase in the LC3-II/LC3-I ratio and α-tubulin downregulation were both rescued by PD98059 (Fig. 3B) , which blocks the ERK1/2 pathway, in cells treated with SFN-NAC and PD98059. This result indicated that SFN-NAC induced cell autophagy through activation of ERK1/2, and both LC3 and α-tubulin were the downstream effectors of ERK1/2. After the cells were transfected with LC3 siRNA for 48 h and then treated with SFN-NAC for 24 h, the expression of LC3 was significantly downregulated compared with the untransfected cells; the expression of α-tubulin was restored in both LC3-siRNA-transfected cells and SFN-NAC-treated cells compared to that in cells treated with SFN-NAC alone (Fig.  3C ). This result suggested that SFN-NAC subsequently downregulated α-tubulin through LC3 expression in the U87MG and U373MG cells. Together, these results indicated that SFN-NAC activated ERK1/2, increased the LC3-II/LC3-I ratio, and downregulated α-tubulin by increasing the LC3-II/LC3-I ratio and activating ERK1/2 in U87MG and U373MG cells.
SFN-NAC enhanced binding between LC3-II and α-tubulin and induced autophagy in U87MG and U373MG cells
We used endogenous co-immunoprecipitation to verify the binding of LC3/α-tubulin after the cells were treated with SFN-NAC. After the cells were treated with 0 μM or 30 μM SFN-NAC for 24 h, anti-α-tubulin was immunoprecipitated with a conjugate of LC3 and α-tubulin in either U87MG or U373MG cells. The amount of LC3-II co-immunoprecipitated from the SFN-NAC-treated cells was more than that from the untreated cells, suggesting that LC3-II bound to α-tubulin and that SFN-NAC significantly increased the binding. Simultaneously, a reverse co-immunoprecipitation assay was performed, revealing that anti-LC3 immunoprecipitated with both LC3 and the α-tubulin protein interacting with LC3 (Fig. 4A) . These results indicated that SFN-NAC increased the interaction between LC3-II and α-tubulin. Further, to investigate the effect of SFN-NAC on microtubules and autophagosomes, we examined and observed the form of microtubules and autophagosomes in U87MG and U373MG cells via an immunofluorescence assay and confocal microscopy. The cells were treated with 0 µM and 30 μM SFN-NAC for 24 h, stained with an anti-α-tubulin fluorescent antibody (green) and an anti-LC3 fluorescent antibody (red), and observed using a fluorescence microscope. The results showed that the microtubules were filamentous and homogeneously formed; the LC3 punctation was darker and dispersed in the cytoplasm in the control group. In the SFN-NAC-treated group, the cell tentacles disappeared, the microtubules were disrupted, the fluorescence intensity was weaker, the shapes of microtubules were contracted, the LC3 punctation was brighter and accumulated, and microtubule disruption was observed in the spaces surrounded by the LC3 punctation. In addition, the overlapping areas (yellow) were brighter in the treated cells than those in the control cells (Fig. 4B) . The colocalization of LC3 and α-tubulin was promoted in the cells treated with SFN-NAC, which reflected the interaction between LC3 and α-tubulin observed in the co-immunoprecipitation assay. Transmission electron microscopy was used to observe the cell ultrastructures. Autophagosomes and autophagolysosomes were found in the U87MG and U373MG cells treated with SFN-NAC. In contrast, the cells without SFN-NAC treatment exhibited rare autophagosomes or autophagolysosomes. (Fig. 4C ) Therefore, we concluded that SFN-NAC induced autophagy and downregulated α-tubulin through autophagy by activating ERK1/2 in the U87MG and U373MG cells.
SFN-NAC decreased glioma cell viability
To assess the effect of SFN-NAC on cell viability, we examined the antiproliferative effect of SFN-NAC in various normal human astrocyte cells (HA), temozolomide-resistant U87MG cells (U87/TR), U87MG cells, and U373MG cells using an MTT assay. The cells were treated with SFN-NAC at different concentrations for 24 h, and SFN-NAC decreased the cell viability of these cell lines in a dose-dependent manner. The 50% inhibitory concentrations (IC 50 ) of SFN-NAC in each cell line were 60.08 μM for HA, 35.20 μM for U87MG, 39.11 μM for U373MG, and 36.20 μM for the U87/TR cells following SFN-NAC treatment for 24 h (Fig. 5A , B, C, and 
Discussion
A core therapeutic strategy of oncological pharmacology is to disrupt the integrity of spindle microtubules during mitosis of cancer cells, thereby preventing and limiting cell mitosis. Previous studies have indicated that SFN can inhibit cell growth and induce cell apoptosis by targeting microtubules in multiple tumor cells [33, 34] . Here, we have taken advantage of clinical information to identify α-tubulin as a key prognosis factor in patients with gliomas and have elucidated that SFN-NAC may downregulate α-tubulin through autophagy via phosphorylation of ERK1/2, thus inducing cell-cycle arrest and inhibiting cell growth in glioma cells (Fig. 6 ). It should be noted that there are concerns with the origin of the U87 cell line, but it is still considered a glioma cell line [35] .
Studies of the bioavailability of bioactive compounds from crucifers have focused on glucoraphanin [36] , the main glucosinolates in broccoli sprouts, and its bioactive isothiocyanate SFN, which is ultimately metabolized in the liver to form N-acetyl-l-cysteine (-NAC). SFN-NAC has been established as a biomarker of crucifer consumption. It has been shown that SFN-NAC exhibits a longer half-life and a higher concentration in brain tissue compared with those of SFN [23] , revealing that SFN-NAC may be more able to penetrate the Autophagy is a highly conserved mechanism for maintaining homeostasis; it removes damaged or misfolded proteins and dysfunctional cellular organelles and enables cellular components to be recycled in cells ranging from yeast cells to mammalian cells. LC3, a marker of autophagy, plays a key role in autophagy. There are two forms of LC3 in cells: cytosolic LC3-I, which is located in the cytoplasm, and LC3-II, which is specifically localized on the membrane of autophagosomes. LC3-I is cleaved by a protease to expose a C-terminal glycine residue and is then conjugated to phosphatidylethanolamine to generate LC3-II. The cytosolic LC3 ratio (LC3-II/LC3-I ratio) is considered as a quantitative index of autophagy [41] . Through immunofluorescence confocal microscopy and co-immunoprecipitation experiments, we found that LC3 colocalizes and interacts with α-tubulin in SFN-NACtreated cells, which confirmed the direct association of autophagosomes with microtubules. Meanwhile, western blot analysis showed that α-tubulin was downregulated by SFN-NAC, which was mediated by autophagy. Taken together, these data suggested that SFN-NAC downregulated α-tubulin through autophagy via phosphorylation of ERK1/2, which has not been previously reported to our knowledge.
Epidemiology studies have shown that ITC compounds, which are enriched in cruciferous vegetables, have a wide range of clinical applications and have been widely confirmed to exhibit carcinogenesis-inhibiting activity both in vitro and in vivo. ITC compounds have been demonstrated to additionally exert cytotoxic and antiproliferative effects in the micromolar range in a dose-and time-dependent manner in several cancer cell lines, including breast cancer, neuroblastoma, leukemia, prostate cancer, bladder cancer, lung cancer, and colorectal cancer [42] . These observations indicate the potential use of ITC compounds as anticancer agents. It is believed that ITC compounds play key roles in inhibiting cancer, motivating their potential clinical use, including in combination therapies. Recently, Bijangi et al. made an encouraging discovery that sulforaphane reduces the survival of GBM cells, glioblastoma stem-cell-like spheroids, and tumor xenografts through multiple cell signaling pathways and that this treatment does not affect the survival of normal human brain cells or normal human MSCs in both the cellular and animal experiments [43] . This study helps us better understand the mechanism of action of SFN and its analogs in tumor cells and can guides future clinical applications that utilize the degradation of tubulin by SFN analogs.
